[1] The impact of the dust sea-surface forcing (DSSF) on the oceanic Primary Production (PP) is investigated here by using 1D modelling approach coupling an atmospheric radiative transfer model and a simple PP model. Simulations reveal that dust are able to induce a significant decrease of PP due to the attenuation of light by about 15-25% for dust optical depth (DOD) larger than 0.6-0.7 (at 550 nm). For DOD lower than $0.2 -0.3, the influence of dust on PP is weak ($5%). In addition to DOD, the important role played by dust single scattering albedo (DSSA) is also shown. Realistic applications over the Senegal coast are studied using SeaWiFS and AERONET observations. The analysis showed that PP could be reduced by about 15-20% during the spring period. This study highlights that dust/light interactions need to be parameterized in coupled oceanatmosphere models used to estimate PP at regional scales.
Introduction
[2] Although uncertainties still remain, it is recognized that mineral dust are able to influence the biological productivity of the ocean [Bonnet and Guieu, 2004; Cropp et al., 2005] through the addition of iron which stimulates photosynthesis by phytoplankton. In parallel to the iron hypothesis, dust aerosols that remain in the atmosphere and are not deposited over oceans are able to significantly reduce the solar energy available at the sea-surface through scattering and absorption processes of incoming solar radiation [Tanré et al., 2003; Otto et al., 2009] .
[3] As the growth of phytoplankton biomass depends, in addition to the sources of nutrients, on the availability of light, we explore in this study how the decrease of the Photosynthetically Available Radiation just above the seasurface (PAR0+) induced by the occurrence of dust in the atmosphere alters the net Primary Production (PP). While the effect of aerosol surface radiative forcing on terrestrial plant productivity [Mercado et al., 2009] has been already investigated, showing a complex balance between the reduction in total PAR (which tends to reduce photosynthesis) and the increase in the diffuse fraction of the PAR (which tends to increase), this study represents, to our knowledge, the first attempt in looking at the potential impact of dust on biological productivity due to dust-radiation processes.
[4] The methodology used in this work (section 2) is based upon a 1D modelling approach which combines a radiative transfer model (RTM) [Dubuisson et al., 2004] together with a PP rate model . Sensitivity analyses were carried out using various and realistic DOD and DSSA, which are two critical optical properties driving DSSF. The 1D simulations are then used together with SeaWiFS and AERONET observations (here aerosol optical depth and angström exponent) over the year 2003 to discuss implications for changes in PP over the West African coast (section 3), which is one of the most intense zones around the world in terms of biological productivity and dust loading.
2. Methodology 2.1. Atmospheric Radiative Transfer Model and Dust Optical Properties 2.1.1. Atmospheric GAME Model
[5] The 1D clear-sky DSSF has been estimated from the multi-spectral atmospheric GAME radiative transfer model [Dubuisson et al., 2004] . GAME accounts for the scattering and absorption processes by particles and gases. The correlated k-distribution method is used for modeling nongray gaseous absorption [Lacis and Oinas, 1991] . In this approach, gaseous absorption is accurately approximated using a line-by-line code [Dubuisson et al., 2004] , in which the spectroscopic parameters for absorption lines are specified from the HITRAN database [Rothman et al., 2005] . In the line-by-line code, gaseous absorption is calculated at high spectral resolution (about 0.01 cm À1 in the shortwave) and for all gaseous species, accounting for the shape and the intensity of each absorption line as a function of pressure and temperature profiles.
[6] Multiple scattering effects are treated using the discrete ordinates method [Stamnes et al., 1988] . This method allows accurate treatment of scattering and absorption by aerosols, clouds, and molecules. GAME has a nominal spectral resolution of 100 cm À1 (about 5 nm in the 400-700 nm spectral range). In this study, seven spectral bands (330, 440, 550, 670, 870, 1020 and 1500 nm) have been defined by integrating the spectral fluxes of GAME. Downward net radiative fluxes are calculated over the PAR (0+) spectrum (400 -700 nm), which corresponds to the range of visible light, for the zenith angle of 30°. Based on these calculated fluxes, DSSF was computed (in W m À2 ) for different aerosol optical properties. 2.1.2. Aerosol Optical Properties (DOD & DSSA) and Surface Reflectance Used in GAME
[7] The sensitivity analysis was performed using DOD values ranging from 0.4 to 1.0 (at 550 nm), which are typically observed during dust storms. Note that the wavelength 550 nm is selected because it is a central wavelength of the visible spectrum and it is also the wavelength light which is the least absorbed by phytoplankton. The value used for the dust Angström exponent, which is informative of the wavelength spectral dependence of DOD, is 0.3 according to Dubovik et al. [2002] . Values of DSSA show significant variability Slingo et al., 2006] . Recent in situ measurements report high values of Saharan DSSA (0.95 -0.99 at 500 nm) for the accumulation mode McConnell et al., 2008] , which contrast with lower values (0.75 -0.95 at 500 nm) for bulk dust aerosols [Slingo et al., 2006] . Based on these studies, the simulations were carried out using DSSA values ranging from 0.85 and 0.95 (at 550 nm). DSSA spectral wavelengths dependence over the entire visible spectrum has been taken into account following Dubovik et al. [2002] .
[8] To compute downward and upward fluxes, the spectral sea-surface reflectance R(0+) was taken into account in the GAME radiative transfer model using the model developed by Morel [1988] for three Chlorophyll a (Chl) concentrations (0.03, 3 and 10 mg m À3 ). Note that, for each simulated case, the influence of R(0+) on DSSF was negligible.
Computation of Primary Production
[9] The model of Morel [1991] as adapted by for application to satellite data, was used to calculate the oceanic primary production. Briefly, this method allows the computation of primary production within the productive upper layer using the surface chlorophyll concentration measured by an ocean color sensor. It is based on the following general equation [Morel and Berthon, 1989] :
where PP is the net carbon fixation within the productive layer (in gC m
À2
) over a given time interval, PAR(0+) is the photosynthetically available radiant energy at the sea level summed over the spectral range (400-700 nm) per unit of surface (J m À2 ) over the same time interval, Chl tot is the column integrated chlorophyll content (g Chl m À2 ). Practically, the computation uses look up tables providing y* with date, latitude, surface chlorophyll concentration (Chl) and the sea surface temperature (SST) as input parameters.
[10] The chlorophyll content of the water column is computed from the surface chlorophyll concentration value for two different situations: uniform or stratified biomass vertical profile. The choice of a stratified profile is made when the mixed layer depth is lower than that of the euphotic depth. Details of the methodology are provided by Antoine et al. [1995] . Here, the simulations were conducted for parameters representative of the various environmental conditions that can be found in the global ocean. The values of the surface Chl concentrations were 0.03, 0.1, 1 and 10 mg m
À3
. The uniform and stratified vertical profiles of Chl were used. The sea surface temperature (SST) was varied from 5°C to 30°C by step of 5°C.
Results

Impact of Sea Surface Dust Forcing on Oceanic Primary Production
[11] Figure 1 shows the PAR to PAR clear-sky ratio as a function of DOD and DSSA, showing clearly the important effect of dust on the surface available light. In parallel, the , and two values of SST, namely 10°C and 20°C (the simulations performed for lower Chl concentrations (not shown) indicate relatively similar effects). The results presented here correspond to the stratified vertical profiles. It should be noted that the impact of the vertical profiles on PP/PP CS is low (not shown).
[12] Weak effects of dust on PP are observed when DOD is lower than 0.2-0.3 ($5%, extrapolated from DOD of 0.4 towards lower DOD). The influence of dust increases with the turbidity by $10% when DOD ranges from 0.4-0.6 and by $15%-20% when DOD is in the range 0.7-0.9. In all cases, the results underline the importance of the role played by DSSA on PP/PP cs . As an example, when the DOD value is 0.5 (SST of 20°C and Chl of 10 mg m
À3
) which is a case commonly observed during spring period, PP varies from 3.71 gC m À2 day À1 to 3.57 gC m À2 day
À1
, for DSSA values of 0.95 and 0.85, respectively. The sensitivity to DSSA clearly increases with DOD and thus, revealing the importance of the dust source mineralogy (iron oxide concentration), which drives DSSA. The effect of DSSF on the PP to PP cs ratio (SST of 20°C and Chl of 10 mg m À3 ) can be Based on the calculations, DSSF should significantly reduce PP over given regions of interest characterized by significant phytoplankton productivity together with large dust loadings such as the Arabian Sea, the Red Sea and the West African coast. For these regions, the presence of dust is associated both by moderate ($0.3-0.4 in the Arabian Sea [Singh et al., 2008] ) or large ($0.6-0.8 in the West African coast) DOD. Over these particular regions, the occurrence of dust induces a decrease of the phytoplankton photosynthesis, which is an opposite effect to that induced by an additional input of micro-nutrients such as iron. The competitive contribution between these two effects has to be investigated in a future work.
[13] With regard to aerosol types, moderate effects of DSSF ($10%) are expected during the dry season (January -March) over the Arabian Sea and the Bay of Bengal, which are characterized by moderate AOD ($0.3-0.5 [Ramanathan et al., 2001] ) and an important net PP (0.50-2 gC m À2 d À1 ). In addition, similar effects are expected over the Yellow Sea and Sea of Japan (AOD $ 0.2-0.6 [Nakajima et al., 2007] ), Southern Africa (smoke AOD $ 0.4-0.7 [Myhre et al., 2003] ) and Central Africa during the July -September period. In what follows, the case of the West African coast is discussed.
Applications to the West African Coast Area
[14] A realistic application of the previous results is investigated over the West African coast using SeaWiFS Chl and SST satellite observations together with groundbased AERONET measurements (DOD and angstrom exponent) at Dakhla (South Morocco) and Dakar (Senegal). The year 2003 is examined because AERONET level 2 data were available for both sites. We focus our study on the spring and summer periods, which correspond to maxima of dust generation over the Saharan region.
[15] Figure properties of particles) are probably affected by uncertainties related to the difficulty of making accurate atmospheric corrections of satellite images over optically complex media such as those found in coastal waters and/or in areas characterized by high dust loadings. Despite of the atmospheric correction problem, the satellite images are helpful to provide us with a realistic synoptic view of the spatial variations of the oceanic constituents. Table 1 lists the mean Chl concentration and SST averaged over the Dakhla and Dakar regions for each period.
[16] Table 1 reports the monthly mean and seasonal values of DOD observed at both AERONET sites, revealing significant DOD values between 0.35 and 0.77 at Dakar and between 0.12 and 0.75 at Dakhla. Maxima correspond to the summer time period (July -September) with quite similar values ($0.75 at 550 nm) for each site. In addition, the low values of the Angström exponent (mean of $0.25 and $0.5, for Dakar and Dakhla, respectively, Table 1) suggest the occurrence of large particles in the atmosphere and thus, clearly means that extinction of solar radiation is mainly due to dust aerosols in these areas.
[17] Based on such high DOD values and Chl concentrations, the simulations imply that dust could significantly affect the net PP over this region. For example, during the spring period and over the Senegal coast, the net PP could be reduced by about 15% (DSSA of 0.90) or even 20% in cases of more absorbing dust (DSSA of 0.85) due to the high mean value of DOD, namely 0.71. Based on the mean PP value estimated over the Senegal coast (6.7 gC m À2 d À1 ), it is expected from the calculations that dust could decrease PP by about $1.0 gC m À2 d À1 in spring. Similar effects could be expected at Dakhla especially in summer, when high Chl concentrations (9.32 mg m
À3
) are associated with large DOD (0.47).
[18] Note that highly absorbing dust in the blue could also have an impact on PP. Typically, if all the blue light is being attenuated by dust making the sky appearing red, the spectral quality of PAR will be significantly changed and the impact on photosynthesis is likely to be measurable because of the action spectrum of phytoplankton being peaked in the blue. Such an effect should be possibly modelled, especially if a spectral type of model of PP is employed. This is an obvious channel for further investigation. Therefore, the analysis of our results indicate that DSSF could produce a non negligible negative effect (opposite to the one due to the addition of soluble iron either from deposition or upwelling) in the stimulation of the phytoplankton photosynthesis over the West African coast during summer and spring.
[19] Therefore, this study suggests that regional coupled Ocean-Atmosphere models should take into account the possible influence of DSSF on oceanic PP over regions that are characterized by a strong biological productivity and dust loading such as those previously mentioned. Furthermore, it should be highlighted that such developments could be of great interest for treating the potential impact of DSSF on SST, which consists in a decrease of about $2-3°C during dust storms [Foltz and McPhaden, 2008; Singh et al., 2008] . Such a specific effect (which was not addressed here) is directly related to DSSF and may also alter net PP.
Conclusion
[20] A 1D modelling approach was conducted to investigate the influence of dust sea surface forcing on the oceanic primary production. The results showed that dust can cause a non negligible decrease in PP, which is attributed to the decrease of the sea-surface illumination. Reduction in PP could reach 15-25% for dust optical depth larger than 0.6, while a weaker effect ($5%) is observed for lower values (DOD < 0.4). Polynomial fits were proposed to parameterize the variations in the primary production with respect to the optical properties of dust aerosols. Simulations also revealed that the impacts of DSSF on PP are expected to be restricted to few geographic areas such as the Red Sea, the Arabian Sea and the West African coastal waters. As an example, it was shown that the net PP could be reduced by about 15 -20% ($1.0 gC m À2 d
À1
) over the Senegal region in spring. This study suggests that DSSF can not be ignored in coupled atmosphere-ocean models for calculating accurately PP and thus, to gain an understanding in the carbon cycle and the climate change effects. The parameterization established here between the primary production and the dust optical depth might be used to account for the influence of dust sea surface forcing on the biological productivity.
